Abstract-In this paper, we derive a closed-form bit error rate (BER) solution for equal-and nonequal-strength L-path channels considering imperfect channel estimation. The channel model assumes independent paths with Rayleigh fading statistics in a single-cell downlink environment. By using a simple maximum likelihood (ML) estimator, the effects of the channel estimation error due to Doppler shift, residual carrier frequency offset, interference, and additive white Gaussian noise are analyzed. In addition, we present the tradeoff between the noise compression capability and phase tracking capability of the ML estimator with observation length as a parameter. The results indicate that even with channel estimation, the high carrier frequency offset makes an uncoded BER unacceptably high. Also, we present two kinds of modulation techniques such as EC-QPSK and NC-QPSK. Through analysis, we show the performance comparison between these modulation techniques. Finally, we verify the derived BER by using Monte Carlo computer simulation.
Performance of Coherent DS-SS/QPSK for Mobile
Communications in Fast-Fading Multipath and High-Frequency Offset I. INTRODUCTION S PREAD-SPECTRUM communications, with its inherent interference attenuation capability, has over the years become an increasingly popular technique for use in many different systems. Direct-sequence spread spectrum (DS-SS) has found applications in cellular wireless communication systems using codedivision multiple access (CDMA). Recently, DS-CDMA technology has become the most promising candidate for third-generation mobile communications (3GM) [1] , [2] .
A hostile environment with severe multipath propagation is typical of microcellular systems. Using the inherent characteristics of DS-CDMA, several multipath delay components are combined by a RAKE-receiver structure. This property may be interpreted as multipath diversity or as time diversity. It is well known that the DS-CDMA system using diversity is robust against multipath fading, and its performance has been analyzed in the literature. The bit error rate (BER) performance of a selection combiner (SC) and maximal ratio combiner (MRC) for the number Manuscript received June 9, 1998 ; revised December 10, 1999 . This work was supported by the BK21 project and by KOSEF under Grant 2000-2-30300-004-3.
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of diversity branch has been analyzed, and recently, the performance of an equal gain combiner (EGC) was studied [3] , [4] . Until now, however, most BER performance analysis assumed a perfectly synchronized (in timing and carrier phase) received signal through fading channel. In coherent DS-CDMA system, we can divide synchronization function into timing synchronization and carrier synchronization. The timing synchronization consists of a searcher for acquisition and a delay-locked loop (or tau-dither loop) for tracking. The carrier synchronization consists of automatic frequency control for frequency acquisition and channel estimation for carrier phase tracking [3] , [5] , [6] . Unfortunately, a practical receiver always has synchronization mismatches. Our analysis concentrates on the effect of imperfect channel estimation that results from Doppler shift in mobile channel and carrier frequency offset due to uncertainty in the local oscillator as well as additive white Gaussian noise (AWGN).
In typical channel estimation, average processing is invoked from the maximum-likelihood (ML) rule. This process has phase-tracking as well as noise-suppression capability; however, the phase-tracking error due to imperfect estimation and the residual noise suppression are inevitable. Though these problems are studied in [7] , the numerical analyses therein were performed in an integral form with the assumption that all multipaths have the same power, and was evaluated by numerical method. Because the BER performance was expressed in an integral form, the exact closed-form solution was not presented, and the carrier frequency offset due to an imperfect local oscillator was not considered.
In this paper, by using chip-based analysis, we concentrate on the assessment of the BER degradation due to diverse channel environments in detail. Also, the performance in a single-cell downlink environment is analyzed in detail by using the statistical characteristics of the mobile radio channel parameters. Moreover, we present the performance comparison between the two kinds of modulation techniques (EC-QPSK and NC-QPSK), which are expected to be used in third-generation mobile communications. We verify the derived BER by using Monte Carlo computer simulation. We define EC-QPSK as a quaternary phase-shift keying (QPSK) modulation using equal orthogonal code (EC) in the in-phase and quadrature channel. The NC-QPSK is defined as a QPSK modulation using nonequal orthogonal codes (NCs) in the in-phase and quadrature channel.
The organization of this paper is as follows. Section II describes the transmitter, linear channel model, and receiver for a QPSK demodulator scheme. In Section III, a pilot-aided coherent RAKE receiver using the ML algorithm for channel es- timation is described and the decision variable derived. In Section IV, we derive the system BER equation that is expressed in the first-and second-order statistics. In Section V, simulation and numerical results of the RAKE receiver are shown. We compare the BER performance between EC-QPSK and NC-QPSK in terms of Doppler shift, carrier frequency offset, interference, and . The conclusion can be found in Section VI.
II. SYSTEM DESCRIPTION Throughout this paper, the communication system considered is a direct-sequence spread-spectrum code-division multiple-access system operating in a single-cell downlink environment. Also, we assume that the transmitted signal consists of a pilot channelanduserdatachannels.Theseuserdatachannelsignalsare composed of the common channels (sync, paging, and common traffic control channels) or the user-specific channels (dedicated traffic control, voice traffic, and packet traffic channels).
In this section, we present the mathematical models of the transmitter, channel, and RAKE receiver in more detail.
A. Transmitter
In this section, we present two kinds of modulation techniques for our system model, which we believe is attractive for next-generation systems: EC-QPSK and NC-QPSK.
The spreading code sequence is assumed to be periodic with period much longer than the processing gain ; the code sequence has a chip rate 1 , where , and a data symbol rate 1 . Let and in Fig. 1 denote the in-phase and quadrature-phase spreading code sequence waveforms, and let and be the corresponding sequences of elements . Both spreading codes are assumed to be independent of each other. Then (1) where complex signals are underlined, , and it is assumed that is time-limited as follows; for and zero otherwise. Also, let denote the orthogonal code waveform, and let be the corresponding sequence of elements . The orthogonal codes are used to distinguish between the pilot and user data channel. Then the orthogonal code waveform is (2) Similarly, the complex data signal waveform can be written as
The transmitted signal having users is given as Re (4) and (5) where we divide into NC-QPSK, and EC-QPSK, as follows:
where gain of the pilot channel signal; average pilot channel power; average power of the th user data channel; carrier frequency; phase of the carrier. Without loss of generality, we may assume that is zero radians.
B. WSSUS Model for the Channel
The channel impulse response is commonly modeled as a wide-sense stationary uncorrelated scattering (WSSUS) zero-mean white Gaussian process [3] . The equivalent low-pass impulse response of channel at time and delay can be represented by [8] - [10] ( 7) where , , and are the th path gain, phase, and delay, respectively. The autocorrelation of this impulse response at two different delays and two different times is given by [9] , [10] (8)
Given the assumption of uncorrelated scattering, the only nonzero value of the correlation is observed when the delays are the same. Assuming stationary process, the correlation values depend only on the difference of each event. For , this function is represented by and is referred to as the multipath intensity profile (MIP) of the channel (9) and gives the average power output of the channel as a function of the time delay . In our analysis and simulation, we assume that the MIP has various forms such as the JTC recommendation for personal communications systems (JTC94) and the GSMrecommended model (European COST207) [9] , [10] .
For resolvable paths, the channel impulse response is rewritten as (10) where the number of paths is related to the maximum delay spread of the channel by , as shown in JTC94 and COST207. It is assumed, for each , that is an independent Rayleigh distributed random variable, while the independent path delay , relative to the delay of a dominant path, is organized in the order of increasing magnitude with , i.e., and . Further, we assume that the phase , given by , is an independent random variable uniformly distributed in [0, 2 . Assuming the above tapped delay-line model, the total instantaneous received bit energy-to-background noise ratio of the th user is [19] ( 11) where and 1 is the received bit energy-to-background noise spectral density ratio in the absence of multipath fading.
The probability distribution function (pdf) of is (12) where is equal to half of the average path power, i.e.,
In this model, the parameter is associated with each path's mean power of various MIP forms that is a function of delay . For the same path delay, the autocorrelation of this channel impulse response is represented by (14) where is the Doppler shift of the channel and is the Bessel function of zeroth order [8] - [11] .
C. RAKE Receiver for DS-CDMA/QPSK System
The receiver structure of the th user is shown in Fig. 2 . Then, with the input to the channel as given in (4), the baseband output of the channel (which is also the input to the matched filter) can be written as (in the sequel, only the complex envelope will be used) (15) where is carrier frequency offset and the carrier phase has been absorbed in the random phase , as presented in Section II-B. The quantity denoted by is the complex-valued low-pass-equivalent AWGN with noise spectral density 2; therefore, is a circularly symmetric zero-mean Gaussian random process with covariance function . For a coherent DS-CDMA/QPSK system, synchronization can be accomplished by using a pilot channel signal. In this paper, we assume that the spreading code's timing information of each path is estimated, i.e., for the th path, is obtained through the synchronization process. So the received signals of all paths are assumed to be exactly despread by the PN code searcher and tracker in Fig. 2 . The input signal to the fingers at optimal sampling instant may be separated into the signal component, denoted by , and three noise components, denoted , , and . The first noise component is due to "multipath interference" from all user's other multipaths, the second component is due to "multiple access interference" from the same path of the other users, and the third component is due to AWGN [6] . Thus, in the th user's RAKE receiver, the th sampled value of the complex despread signal is . . . . . . (16) where indicates the transpose of the matrix.
By using (A3) in the Appendix, the th sample value of the th user for the th path can be represented as (17a) where and assumes the two kinds of modulation techniques shown in (6) . The three noise components of the th user for the th path are (see Appendix A)
where and is defined by , in which is an integer and . We also assume that the noise sample has the same statistics as for the th path.
III. PILOT-AIDED COHERENT RAKE RECEIVER USING ML ESTIMATION
In this section, we describe the estimation process and coherent RAKE receiver for the model described in the previous section. Our focus is on the decision variable of the receiver with consideration of the estimation error and multipath diversity.
A. Maximum-Likelihood Estimator
The ML rule is invoked to estimate the channel parameters. Then, these estimates are used by multipath-combining RAKE receiver for coherent demodulation. As is explained in [12] - [16] , this operation typically includes joint estimation of the attenuation vector and the phase vector as well as the frequency offset . The optimal receiver maximizes the conditional pdf (18) which is known as the likelihood function for a particular observation of the received signal vector over the observation time interval of chips. To begin with, it is necessary for the derivation of the ML estimation to make some assumptions on the parameters and on the noise components.
1) The observation time interval is a multiple of the processing gain, i.e., chips ( is an integer). The processing gain is a multiple of the Walsh code's period , that is, chips ( is an integer). Therefore, we can define . 2) A small carrier frequency offset .
3) The channel is approximately time-invariant over the observation time interval. Therefore, the unknown parameters ( , and ) are nonrandom (real constant value) [15] , [16] . 4) The multipath interference component is a Gaussian random variable. Then (19) where denotes a Gaussian random variable with mean zero and variance and " " means "is distributed as." From [1] , [17] , [18] , and [20] , the variance of the MP component can be written by (20) where we express the delays and phases of the interfering signals as random vectors and and is defined in [17] , [18] , and [20] . 2 5) The multiple access interference component can be ignored due to the orthogonal code. By using (19) and (20) in the above assumptions, the mean and variance of at chip rate are (21a) (21b) From assumption 3), since the unknown parameters ( , and ) are constants, the mean of is [15] , [16] (22) where is an unknown dc level, which can be obtained by using the ML estimator.
The particular observation vector of the th user for paths over the observation time interval is . . . Gaussian distributed, and from (23), we can derive the ML estimation of . The pairs are uncorrelated due to the assumption of the WSSUS channel. Therefore, the likelihood function of the th user is a jointly Gaussian density function [15] , [16] This equation has a structure of integrate-and-dump for a period of chips. The block diagram of the resultant estimator is shown in Fig. 3 .
B. Decision Variables of Coherent RAKE Receiver
This section details the operation of the RAKE receiver with the channel estimator and focus on the decision variable at the end of the receiver shown in Fig. 2 . The coherent RAKE receiver is assumed to have employed the ML channel estimator described in SectionIII-A. The ML optimum channel estimator is shown in Fig. 3 . From (26), the time-variant channel parameters can be estimated by simply averaging over an arbitrary number of chips . Similar to (16) , therefore, the estimated value of for the th user is represented as follows:
. . .
where is an arbitrary time index, which indicates the update time of the ML estimator every chips, as shown in Fig. 5 , and means the estimated value. By using (17) and (26), the th estimated values of for the th user and the th path can be written as (28a) (28b) (28c) (28d) Fig. 4 shows the demodulator (RAKE finger) with the channel estimation and compensation process. The demodulator forms the weighted and phase-adjusted components for the th path. As shown in Fig. 4(a) and (b) , first, the Walsh code is recovered differently with respect to the modulation technique. Then the output of channel estimator amounts to taking the inner product of the Walsh-recovered I and Q components with the estimated I and Q component [3] , [5] , [7] , [12] - [14] , the result of which for the th chip is given by The estimated value using the input sequences for duration is available only for compensating the input sequences within . Therefore, the th datum is started at position, as shown in Fig. 5 . For particular values of the th bit, the decision variable of the in-phase channel can be expressed as follows:
Consequently, (33) is a special case of the general quadratic form in Appendix B of [3] with , for the in-phase channel, and for the quadrature phase channel. By using the Walsh code (orthogonal spreading code), the MAI component can be assumed to be zero. Also, since the MP component is the sum of many independent random variables with zero mean for large processing gain , we may approximate the MP component by a zero-mean Gaussian random variable. Following (20) and (21), by using (18) and (30), the statistics of the MP component of the th user for the th path can be written as [1] , [17] - [19] (34) [3] .
The random datum of the and are mutually independent and satisfy and . Then the probability that is less than zero, denoted here as the probability of error , is
where and is the pdf of . We also assume that the random data of the channel has 1 or 1, which occurs equally likely.
A. The Case of Having the Same Power in Each Path ( and , )
In this section, we derive the BER performance for the case of equal power in each path. From [3] and [21] , the BER is (37a) (37b) where (38) Since the error probabilities of the and channel bit are the same, we evaluate only the case of the channel. By using (17) and (28), the statistical parameters of the th user for the th path given are
where
and is for the case of the NC-QPSK modulation. The derivation of the first and second moments of and ( , , and ) are shown in Appendix B in more detail.
The resultant equation [(37)] is well known in the literature [3] , [21] . But in this paper, we derive the correlation function considering the imperfect channel estimation, as shown in Appendix B. Therefore, in comparison to the perfect channel estimation in other literatures, we can show the effects of such parameters as the maximum Doppler frequency , residual carrier frequency offset
, and noise components including the interference. 
B. The Case of Having Different Power in Each Path ( is Different, )
In this case, we derive the BER performance for the nonequalstrength -path Rayleigh channel. In (36), the pdf of decision variable is defined as [3] ( 42) where is the characteristic function of decision variable . The probability of error is 
The characteristic function of decision variable for paths is (45)
In order to derive the probability error, we first evaluate the pdf of decision variable , i.e.,
. Then we provide a useful formula for the computation of the residues as follows:
Application of the residue theorem yields, after considerable manipulations, the following expression for the residue function:
Re (47) From (42) and (47), we can obtain the probability of error as follows: (48) where (49) and the first and second moments of and ( , , and ) will be shown in Appendix B. The derived resultant equation is the BER performance considering imperfect channel estimation due to , , and noise components, including the interference. Compare (49) with the well-known BER performance for the perfect channel estimation [3] (50)
where (51) and is the average signal-to-noise ratio for the th path. This equation will be used for performance evaluation in Figs. 6 and 8-10.
V. SIMULATION AND NUMERICAL RESULTS
In this section, we show that the BER performance of the computer simulation is the same as the BER equation derived in this paper. Throughout Figs. 6 and 8-11 , the isolated markings represent the Monte Carlo simulation and the lines (solid and dotted) represent the numerical result. In addition, by using the numerical results, we assess the degraded BER performance due to channel effects such as noise, Doppler shift, carrier frequency offset, observation length, and interference. We present the simulation environments in Table I and multipath channel  profiles in Table II .
A. Without Considering Multipath Interference and Other Users
In this section, we do not consider the multipath interference and other users. We concentrate on the effect of imperfect channel estimation rather than the perfect channel estimation. Considering the effect of pilot tone, we define the received for pilot-aided modulation as follows:
Received Total (data bit power pilot power)
Received Data (data bit power)
By using the processing gain in Table I , the difference between the Received Total and the Received Data is 9.52 dB since the pilot power is 9 dB higher than the data power.
In Fig. 6 , the cases of 1, 2, 3, and 4 paths are taken into account. We use the multipath channel profiles in COST 207 typical urban (six paths), as shown in Table II for the Monte Carlo simulation. Fig. 6 shows the BER curves versus for the case of imperfect channel estimation. The BER curve is obtained for observation length chips, frequency offset Hz, and Doppler shift Hz. At a bit error probability of 10 , the difference of the performance between NC-QPSK and EC-QPSK is 3.2 dB for two paths and 0.8 dB for four paths. This difference results from the interference of the quadrature channel in EC-QPSK modulation, where the interference is shown in (B8), (B10), (B14), and (B16). In addition, when we consider only the data power in calculating the BER of the perfect channel estimation, the difference of the performance between the perfect channel estimation and imperfect channel estimation is 0.5 dB at NC-QPSK and 1.3 dB at EC-QPSK for four paths at a bit error probability of 10 . Considering the total power in (52), however, the gap of the performance between the perfect channel estimation and imperfect channel estimation is 10.02 dB at NC-QPSK and 10.82 dB at EC-QPSK for four paths. Consequently, it is appropriate to say that we must use the total power when comparing the case of the pilot symbol-assisted method especially. Fig. 7 (a) and (b) shows the discrepancy between the Monte Carlo simulation and numerical result derived in this paper. Based on the results shown in Fig. 6 , the percentage of the discrepancy is within 3% and is varying as the simulation's iteration length changes. We evaluate the percentage as follows.
1) In the Monte Carlo simulation, we set and obtain the BER performance from the computer simulation. Then the bit error rate is not same as the BER of the analysis. In order to evaluate the percentage of the discrepancy, we use as a reference value. The reference is defined as Simulation . 2) In the derived numerical analysis, the required is calculated to obtain the BER performance that we get from the Monte Carlo simulation. Then the required is defined as Analytic . Fig. 8 shows the BER performance versus the observation length for various Doppler shifts. As the Doppler shift increases, the BER performance for is seriously deteriorated but the performance for is almost not influenced by the Doppler shift. This can be explained by the fact that as the observation length increases, the noise-suppression capability increases, but on the other hand, the phase-tracking capability decreases. Consequently, there is a tradeoff between the effects of the noise and Doppler shift. From these results, we confirm that the observation length must be set at a small value because the effect of Doppler shift is more serious than that of noise. Fig. 9 shows the BER performance versus carrier frequency offset. As the carrier frequency offset increases from 0 to 600 Hz, the BER performance deteriorates remarkably. That is because that the influence of carrier frequency offset is more serious than that of Doppler shift. From Figs. 9 and 10, we can see that the BER performance is mainly determined by the phasetracking capability for given Doppler shift and carrier frequency offset. Also, from this result, we have proved that the derived BER performance considering the Doppler shift and carrier frequency offset is exactly same as the simulation. Fig. 10 shows the BER performance for various multipath channel profiles shown in Table II . This result is obtained from the numerical analysis. The performance in similar channel profile is superior to other channel profiles.
B. Considering Multipath Interference and Other Users
In this section, we consider the multipath interference and other users in the downlink single-cell environment. We concentrate on the effect of the interference, and the results are obtained from the numerical analysis. Fig. 11 shows the BER versus received data for various channel profiles with multipath interference and other users. We assume that the RAKE receiver has four fingers (demodulators). The channel profiles used in this result are shown in Table II . In general, the interference results in the error floor. In this figure, we find that the error floor rises from no multipath interference (MPI) to MPI with no users and MPI with 20 users.
VI. CONCLUSION
In this paper, we have derived the BER performance of a coherent RAKE receiver considering the imperfect channel estimation over multipath Rayleigh fading channels. The derived BER performance is very useful in practice compared to the ideal BER performance presented in previous works. The key results of this paper can be summarized as follows.
First, the difference of the BER performance between the EC-QPSK and NC-QPSK modulation is evaluated, and the derived numerical results are verified by using chip-based Monte Carlo simulation. The numerical results and simulations show that the performance of NC-QPSK is superior to that of EC-QPSK modulation, but on the other hand, NC-QPSK requires two times as much orthogonal code than EC-QPSK.
Second, the effects of the Doppler shift and carrier frequency offset are analyzed. If the maximum speed of a mobile is 200 km/h, then the maximum Doppler frequency is not over 333 Hz. Therefore, if the observation length is below 512 chips for of 4 dB and Hz, we can guarantee the BER to be below 0.075, as shown in Fig. 8 . Furthermore, as the observation length decreases, the BER performance is improved. Also, for the fixed chips, if the carrier frequency offset is not kept below 600 Hz with the aid of an automatic frequency control (AFC) loop, then the coherent RAKE receiver with the ML estimator cannot demodulate the data at all. Therefore, at least the frequency offset in the steady state of the AFC loop must be below 600 Hz. The BER performance improves for smaller frequency offset. Consequently, the ML algorithm used in this paper is quite sensitive to the Doppler shift and carrier frequency offset in comparison to the AWGN channel.
Third, in a downlink environment, although there is no MAI, the MPI results in an increase in error floor. In addition, the multipath interference with other users increases the error floor compared with the MPI without other users. 
APPENDIX A
In this Appendix, we describe the mathematical representation of the sampled signal, which is passed through the matched filter and the RAKE receiver, as shown in Fig. 2 .
First, from (11), the th sample value of the signal component of the th user for the th path can be written as
where . In this paper, the term is assumed to be constant for one chip duration ( ) since the term is very slowly time-varying in comparison to the chip rate. Let ; then the sampled signal component can be rewritten as (A2)
After the despreading procedure in the RAKE receiver, the signal component is
The second term of (17), the th sample value of the multipath component of the th user for the th path, can be expressed as follows:
(A4) Similar to (A2) and (A3), let . Then the sampled multipath component reduces to (17b) as follows:
where is defined by , in which is an integer and . In the third term of (17) , the th sample value of the multiple access interference component of the th user for the th path is (A6)
The fourth term, the th sample value of the noise component for the th path, is (A7) APPENDIX B
In this Appendix, we evaluate the second moment and covariance of and . In order to simplify notation, we define where, in (B4c), the correlation values of the MP component and noise are zero since the time index is not matched. From the observation of (B1b), (B1e), (B1c), and (B1f), we note that the upper and lower limit of the summation are different as follows: the limits for and are and the limits for MP and are . Finally, the components of MP and MP are uncorrelated due to the random sequence property of the spreading code. Also, the components of the and are uncorrelated due to the AWGN property.
Through the mathematical manipulation, (B4) can be further simplified by dividing into the two cases as shown below.
A. The Case of NC-QPSK Modulation
Since in this case the pilot channel and channel data can be ignored by using different orthogonal codes in and channel, 
B. The Case of EC-QPSK Modulation
In this case, as shown in Fig. 4(a) , the channel data can not ignored by using the equal orthogonal code in both and channels. Therefore, in the decision of channel data, the channel data operate as interference. Also, we must consider two cases of and . Then, the first term in (B4a) is (B11) From (6b), the correlation is further derived as
where the correlation is independent of the channel data since . Therefore, by using (B5), (B11) can be simplified as (B13) However, since there is no influence of the channel data, the second and third terms in (B4a) are the same as the case of the NC-QPSK modulation. Consequently, the second moment of is (B14)
In the derivation of (B4b) of the EC-QPSK modulation, the first term in (B4b) is independent of the channel data from (B1d). Therefore, the autocorrelation is equal to (B9) since there is no influence of the channel data.
To derive the covariance , we divide into the two cases of and . Similar to (B11), the covariance is (B15) Then, by using (B10), (B15) is simplified as (B16)
